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Crystal deposition in hypophosphatasia: a reappraisal
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SUMMARY Six subjects (three female, three male; age range 38-85 years) with adult onset
hypophosphatasia are described. Three presented atypically with calcific periarthritis (due to
apatite) in the absence of osteopenia; two had classical presentation with osteopenic fracture; and
one was the asymptomatic father of one of the patients with calcific periarthritis. All three
subjects over age 70 had isolated polyarticular chondrocalcinosis due to calcium pyrophosphate
dihydrate crystal deposition; four of the six had spinal hyperostosis, extensive in two (Forestier’s
disease). The apparent paradoxical association of hypophosphatasia with calcific periarthritis and
spinal hyperostosis is discussed in relation to the known effects of inorganic pyrophosphate on

apatite crystal nucleation and growth.

Hypophosphatasia is a rare inherited disorder char-
acterised by low serum levels of alkaline phos-
phatase, raised urinary phosphoethanolamine
‘excretion, and increased serum and urinary con-
centrations of inorganic pyrophosphate.!™ Clinical
presentation classically takes one of three forms ac-
cording to age: failure to thrive with high mortality
in infancy, a condition resembling childhood rickets,
or multi !)le fractures due to severe osteopenia in
adults.! Dlsease severity is variable, especially in
adult forms.!'? An association with premature,
polyarticular chondrocalcinosis due to calcium pyro-
phosphate dlhydrate (CPPD) crystal deposition is
well described.>

Figure 1 outlines the suggested mechanisms for
the osteopenia and chondrocalcinosis characteristic
of this disorder. The major biological source of
inorganic pyrophosphate (PPi) derives from pyro-
phosphorolysis of nucleoside triphosphates and
dlphosphates during biosynthesis of most ma]or cell
constituents.® Because alkaline phosphatase is the
principal pyrophosphatase that converts PPi to
orthophosphate, deficiency results i in ransed pIasma
and urinary concentrations of PPi.> % 8 ? Inorganic
pyrophosphate avidly binds to apatite crystals® 114
and, if unhydrolysed, is mhlbltory to apatite crystal
nucleation and growth,!™!® Jeading to poor miner-
alisation and predisposition to fracture. Persistent
increase of PPi, in addition, increases the calcium X
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PPi ionic product, predisposing to enhanced CPPD
crystal deposition in cartilage.

Paradoxical presentation with calcific peri-
arthritis—that is, excess apatite, in three adults with
biochemical hypophosphatasia but no osteopenia
prompted us to re-examine these postulates.
Findings in these cases are contrasted with those in
two elderly patients with more classic hypophos-
phatasia presenting with severe osteopenia and
multiple fractures, and the asymptomatic father of
one of the patients with calcific periarthritis.
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Fig. 1 Simplified scheme showing putative

mechanisms linking hypophosphatasia with both osteopenia
and calcium pyrophosphate dihydrate (CPPD)

crystal deposition: lack of alkaline phosphatase results

in increased inorganic pyrophosphate (PPi), which

then inhibits apatite formation and growth and also
predisposes to CPPD crystal formation.
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Patients and methods

Table 1 summarises the principal clinical, bioche-
mical, and radiographic features of the six subjects.
Each had consistently low serum alkaline phos-
phatase levels on repeat sampling: a metabolic
screen, including serum urea, electrolytes, calcium,
phosphate, magnesium, and thyroid function, failed
to identify additional abnormality in any patient.
Urinary phosphoethanolamine was estimated by
high performance liquid chromatography after the
method of Turnell and Cooper'” with quantification
by standard amino acid analysis (expressed as mmol
phosphoethanolamine/mmol creatinine) and was
increased on at least one occasion in 4/5 subjects
investigated. The urinary PPi (pmol)/creatinine
(mmol) ratio was measured by a modification of the
technique described by McGuire et al'’ and was
raised in all instances. Plain radiographs of hands,
feet, knees, pelvis, and thoracic spine were obtained
in all patients. The clinical histories are summarised
in the following case reports.

CASE 1

A previously well 38 year old woman presented with
acute onset of bilateral rotator cuff symptoms.
Radiographs showed bilateral dense supraspinatus
tendon calcification; needle aspiration of the left

shoulder deposit showed material positive on alizarin
red staining,'® confirmed as hydroxyapatite by
infrared spectroscopy. Her inflammatory symptoms
slowly settled on treatment with naproxen and local
steroid injection, but she persists with unaltered
radiographic calcification and symptoms suggesting
subacromial mechanical impingement.

CASE 2

A previously fit 47 year old woman presented with
acute dactylitis of the left fourth toe, which resolved
spontaneously over seven days. A radiograph (Fig.
2) showed ill defined soft tissue calcification at that
site (absent on a radiograph repeated six months
later); screening disclosed additional well defined
calcific deposits close to the greater trochanters of
both hips, periarticular calcification at one hip, and
dense nummular calcification in one supraspinatus
tendon. Calcification in the annuli of several discs
was noted and confirmed by computed tomographic
scan. In the thoracic spine hyperostotic changes
typical of those reported in limited Forestier’s
disease” were present at multiple levels. She has
had no further acute inflammatory episodes to date.

CASE 3
A previously fit 52 year old visiting Polish man
presented with acute pain, swelling, and erythema

Table 1 Clinical, biochemical, and radiographic features of the subjects

Patient No
1 2 3 4 5 6
Sex, age F, 38 F, 47 M. 52 M. 72 F, 78 M, 85
Clinical features
Calcific periarthritis + + +
Fractures + +
Acute pseudogout +
Biochemical features
Mean (n=2-5) serum alkaline
phosphatase (U/)* 73 60 60 48 31 40
Max urine PEAt (mmol)/
creatinine (mmol)* Not detected 0-046 No urine 0-047 0-068 0-018
obtained
Max urine PPit (pmol)/
creatinine (mmol)* 14 60 56 79 11
Radiographic features :
Periarticular calcification + + +
Chondrocalcinosis + + +
Spinal hyperostosis/
Forestier’s + + + +%
Osteopenia + +

*Normal values: serum alkaline phosphatase 80-280 U/l; urine phosphoethanolamine (mmol)/creatinine (mmol) ratio <0-010; urine

PPi (umol)/creatinine (mmol) ratio 0-5.
+PEA =phosphoethanolamine; PPi=inorganic pyrophosphate.
$Plus diffuse idiopathic skeletal hyperostosis (DISH).



Fig. 2 Left fourth toe radiograph (case 2) showing
ill defined calcification, absent on a repeat
radiograph six months later.
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around the left wrist. The radiograph showed
discrete nummular calcification overlying the left
carpus (Fig. 3), and needle aspiration showed
calcific material with a spectrum on infrared spec-
troscopy consistent with carbonated hydroxyapatite.
His acute inflammation settled on treatment with
non-steroidal anti-inflammatory drugs alone, and a
repeat wrist radiograph at 10 days, just before his
return to Poland, showed considerable dispersal of
the calcification (Fig. 3). Other radiographs showed
normal mineralisation with no evidence of peripheral
joint chondrocalcinosis or arthropathy. In the
thoracic spine, however, marked calcification within
the nucleus pulposus was present together with
hypertrophic bone changes at multiple levels in a
pattern consistent with limited Forestier’s disease
(Fig. 4).

CASE 4

A 72 year old man gave a 16 year history of multiple
stress fractures and recurrent acute attacks of knee
synovitis. The radiographic survey showed general-
ised osteopenia, multiple healed fractures, florid
changes of Forestier’s disease together with concave
end plate depression in the thoracic spine, and
polyarticular chondrocalcinosis of fibrocartilage arid
hyaline cartilage (knees, wrist triangular ligaments,

Fig. 3 Lateral left wrist radiograph (case 3) showing discrete calcification (left),' which had largely dispersed on the repeat

film 10 days later (right).
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symphysis pubis) with no arthropathic change. Iliac
crest bone biopsy showed widened osteoid seams;
aspiration of both knees disclosed numerous crystals
with morphology and polarised light characteristics
of CPPD (no definitive crystal identification per-
formed).

CASE 5§

A 78 year old woman gave a 28 year history of
multiple stress fractures. An iliac crest bone biopsy
had shown features of osteomalacia, but her condi-
tion had proved resistant to vitamin D. Her radio-
graphs showed severe osteopenia with old fractures
and polyarticular chondrocalcinosis of hyaline and
fibrocartilage (knees, wrist) but no changes of
arthropathy. Synovial fluid from one asymptomatic
knee showed CPPD crystals (confirmed by infrared
spectroscopy).

CASE 6
This 85 year old man was the father of patient 3. He

had experienced no locomotor symptoms but on
investigation was found to have hypophosphatasia,
extensive radiographic chondrocalcinosis (knees
only) without arthropathy, normal mineralisation,
and florid changes of Forestier’s disease (Fig. 4): in
addition, he showed ossification at the site of
several entheses (ischial spines, acetabular labra,
patella and Achilles tendon insertions, plantar fascia
insertions) typical of diffuse idiopathic skeletal
hyperostosis (DISH). Examination of small volumes
of synovial fluid aspirated from both asymptomatic
knees showed positively birefringent rhomboid cry-
stals, confirmed as CPPD by Fourier transform
infrared spectroscopy.

Discussion

Hypophosphatasia in these cases was diagnosed by
consistently low serum levels of alkaline phospha-
tase (all cases), increased urinary phosphoethanola-
mine excretion (on at least one occasion in four of

Fig. 4 Lateral thoracic spine radiographs of case 3 (left) and case 6 (right). In the younger patient (case 3) there is
intervertebral disc calcification (nucleus pulposus), normal intervertebral height, and anterolateral hypertrophic

changes at multiple levels; in the older subject (case 6) there is normal intervertebral height and similar but more pronounced
new bone formation typical of Forestier’s disease.



five subjects tested), and raised urinary PPi (in five
cases tested). Interestingly, phosphoethanolamine
excretion, usually regarded as mandatory for
diagnosing hypoPhosphatasia, was variably positive
in our subjects,?' whereas urinary PPi excretion was
consistently increased.® Although two patients had
classic adult presentation with osteopenic fracture,! 2
three had calcific periarthritis, an association noted
in just two previous reports.”> 2 Although CPPD
crystals may deposit in extracartilaginous sites,**%’
diagnosis of apatite associated periarthritis was by
clinical and radiographic characteristics — for
example, nummular not linear tendon calcification,?*
with definitive crystal identification in two cases. Of
further interest was the occurrence of early or
established features of spinal hyperostosis (Fore-
stier’s disease) in four subjects. Spinal new bone
formation in hypophosphatasia is well recognised,
but a pattern typical of Forestier’s disease has been
emphasised in only one report.?

Although severe osteopenia is the expected con-
sequence of hypophosphatasia, calcific periarthritis
with normal bone density in three of our patients
suggests that in certain situations low alkaline
phosphatase levels may associate with stimulation
rather than inhibition of apatite formation or
growth. In vitro study of calcification mechanisms
in epiphyseal growth cartilage!® 12 131516 shows
that at high concentration PPi is a potent inhibitor of
apatite: adsorption of PPi onto the amorphous
calcium/phosphate complex prevents transformation
to crystalline hydroxyapatite, and adsorption onto
apatite crystalsinhibits aggregation and growth 8 10-16
At lower concentrations, however, PPi promotes
apatite crystal transformation and growth.!0 12 15 16
Inorganic pyrophosphate is conspicuously present in
mineralising tissues and is thought by its dual effect
to be a physiological regulator of matrix vesicle
calcification.’> Although osteoarticular concen-
trations were not assessed, it is conceivable that
tissue PPi concentrations were in the range to
stimulate apatite nucleation and growth in the three
patients with calcific periarthritis (ectopic apatite),
normal bone density, and modestly low serum
alkaline phosphatase (mean (SD) 64-3 (7-5) U/),
whereas in those with osteopenia (insufficient
apatite) and lower alkaline phosphatase levels (39-5
(12) UN) tissue PPi was sufficiently raised to be
inhibitory.

It is uncertain whether the three patients with
calcific periarthritis represent a discrete mild subset
of hypophosphatasia or the early development
phase of classic osteopenic disease. Although peri-
articular calcification is often asymptomatic, and
conceivably may previously have been present in the
older subjects, lack of osteopenia-in the father (case
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6) of patient 2 supports a less severe variety. Serial
alkaline phosphatase levels show variation in patients
with hypophosphatasia, however, and it is possible
that PPi concentrations in individuals may fluctuate
from inhibitory to stimulatory. If spinal hyperostosis
also reflects PPirelated stimulation of mineralisation,
such temporal fluctuation may explain concurrence
of osteopenia and Forestier’s disease in some cases.
Spinal changes in two of our younger patients were
typical of Forestier’s disease,® © but were not
sufficiently extensive to fulfil Resnick’s criteria.>
The development of Forestier’s disease remains
unclear, but it seems likely that such changes
represent early features of more florid, typical
disease? seen in the two older subjects. Although
four had axial hyperostosis, only one (case 6) had
extraspinal new bone at the site of several entheses
typical of diffuse idiopathic skeletal hyperostosis,?® 3
again supporting a milder variant of hypophos-
phatasia in those without osteopenia.

In addition to its effects on apatite, PPi itself
may be incorporated as crystalline CPPD
(Ca,P,0,.2H,0). Unlike apatite, CPPD crystal
formation is mainly restricted to collagenous loco-
motor tissues (fibrocartilage and hyaline cartilage,
tendon, capsule), and is particularly influenced
by unidentified tissue factors that accompany
aging.® 3! 3 All three patients over age 70 had
chondrocalcinosis with synovial fluid CPPD crystal
confirmation: this could reflect either the inde-
pendent predisposing effect of aging, or the duration
and extent of increased tissue PPi. Interestingly,
only one had joint symptoms (acute pseudogout),
and none had radiographic features of arthropathy.
A similar clinicoradiographic pattern (asymptoma-
tic or acute attacks, with isolated radiographic
chondrocalcinosis) occurs in three other metabolic
diseases predisposing to CPPD c?'stal deposition—
namely, hyperparathyroidism,>® 3*  hypomagne-
saemia,> 3¢ and Wilson’s disease.>” Such similarity
supports predisposition by effects on PPi meta-
bolism—for example, inhibition of alkaline
phosphatase by calcium, cupric, and ferrous ions®;
reduction in magnesium as co-factor for alkaline
phosphatase®®; stimulation of adenylate cyclase
by parathyroid hormone.® ¥ By contrast, in haemo-
chromatosis  (another predisposing metabolic
disease), although isolated chondrocalcinosis may
occur, chronic symptoms with arthropathic change
(cartilage/bone attrition, prominent cysts; dis-
tinctive distribution; often no overt synovitis)
are more usual,” *! suggesting that other non-PPi
related mechanisms may be involved in predis-
position to chondrocalcinosis and arthropathy.
Further study of diseases showing isolated metabolic
defects may give insight into both physiological and
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pathological
deposition.

mechanisms of calcium crystal
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